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RNA interferenceMembrane protein insertion and topogenesis generally occur at the Sec61 translocon in the endoplasmic reticu-
lum membrane. During this process, membrane spanning segments may adopt two distinct orientations with
either their N- or C-terminus translocated into the ER lumen. While different topogenic determinants in mem-
brane proteins, such as ﬂanking charges, polypeptide folding, and hydrophobicity, have been identiﬁed, it is
not well understood how the translocon and/or associated components decode them. Here we present evidence
that the translocon-associated protein (TRAP) complex is involved in membrane protein topogenesis in vivo.
Small interfering RNA (siRNA)-mediated silencing of the TRAP complex in HeLa cells enhanced the topology
effect of mutating the ﬂanking charges of a signal-anchor, but not of increasing signal hydrophobicity. The results
suggest a role of the TRAP complex in moderating the ‘positive-inside’ rule.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
In eukaryotic cells,most integralmembrane proteins are translocated
into the endoplasmic reticulum (ER) membrane, before they are
sorted to their ﬁnal destination. In most cases, this process occurs
cotranslationally at the Sec61 translocation complex [1,2]. ER
targeting is initiated by the binding of a hydrophobic signal sequence
of the nascent polypeptide to the signal recognition particle (SRP) as
soon as it emerges from the ribosome [3,4]. SRP arrests the elonga-
tion of the nascent chain [5] and the SRP/ribosome/nascent-chain
complex interacts with the heterodimeric membrane-bound SRP re-
ceptor (SR) at the ER membrane to initiate binding of the ribosome
to the protein-conducting channel, insertion of the signal sequence,
translocation of the nascent chain, and integration of transmem-
brane domains (TMDs) into the lipid bilayer [6–9]. The channel is
formed by Sec61α, a multispanning protein with 10 transmembrane
domains (TMDs), which is tightly associated with the single-
spanning partners Sec61β and Sec61γ [10–12]. This Sec61 core com-
plex is associated with additional accessory proteins contacting the
nascent chain during cotranslational membrane passage including
the ‘translocon associated protein’ complex (TRAPc), which is com-
prised of four subunits α, β, γ and δ [13,14], the ‘translocating
chain associating membrane’ protein (TRAMp [15]), and the ‘ribo-
some-associated membrane protein 4’ (RAMP4 [10,16]). In addition,ll Biology in Medicine, Institute
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er).
ights reserved.some translocation sites contain a complex of Sec62 and Sec63 [17],
which in yeast are required for posttranslational translocation, but in
mammalian cells may be involved in the postranslational as well as
in the cotranslational translocation of a subset of proteins [18,19].
The functions and mechanisms of action of these translocon-
associated components are poorly understood.
The translocon complex also mediates the topogenesis of membrane
proteins. This involves the deﬁned orientation of cleaved signal peptides,
of (uncleaved) signal-anchor sequences, and of subsequent TMDs as
they are inserted into the lipid bilayer with either an Ncyt/Cexo (cytosolic
N-terminus and exoplasmic C-terminus) or an Nexo/Ccyt orientation. For
single-spanning signal-anchor proteins, the orientation is determined by
multiple factors, including the charge difference between the sequences
ﬂanking the TMD, the size and folding of the N-terminal domain, and the
length and hydrophobicity of the TMD itself. According to the ‘positive-
inside’ rule, the more positively charged ﬂanking sequence generally
localizes to the cytoplasmic side of the membrane [20–22]. There is
evidence that N-terminal signal-anchors enter the translocon with the
N-terminus ﬁrst and then reorient themselves according to the ﬂanking
charges [23,24]. Very hydrophobic signal-anchors appear to favor N-
translocation [25], most likely because hydrophobic segments
slow down reorientation [23]. In contrast, N-ﬁrst insertion and N-
translocation is inhibited by long and rapidly folding N-domaINS
preceding the signal-anchor TMD [26,27]. Since multiple determi-
nants cooperate to produce a deﬁned topology, alteration of just
one of them is often not sufﬁcient to alter protein orientation or re-
sults in mixed topologies.
In yeast, mutations in the main translocon component Sec61p
have been identiﬁed that affect different functions, such as ribosome
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engage the translocon [29]. Furthermore, different classes of muta-
tions have been found that affect the topology of sensitive model
proteins in distinct ways [30–32] or alter the hydrophobicity thresh-
old needed for TMD integration into the membrane [33]. Little is
known of a role of accessory components of the translocation com-
plex in topogenesis. Using a temperature-sensitive mutant, Sec62
has recently been shown to affect the orientation of posttranslational
signal-anchors of low hydrophobicity, but not of cotranslational sub-
strates [34]. In mammalian in vitro systems, effects of depleting
Sec63, TRAMp and TRAPc on cotranslational translocation were ob-
served. Substrate-speciﬁc involvement in cotranslational protein in-
tegration was shown for Sec63 [19] as well as for TRAMp [35,36].
TRAPc was shown to inﬂuence the topology of the prion protein
PrP, which is made in a secretory form (secPrP), as well as a type I
(NtmPrP) and a type II transmembrane form (CtmPrP) [36–38]. The
TRAP complex was found to be essential to translocate PrP across
the ER membrane in a signal sequence-dependent manner [39].
Herewedescribe a novel in vivo function of TRAPc in the topogenesis
of membrane proteins. Using an siRNA based knockdown approach, we
found a TRAPc-speciﬁc assistance of C-terminal translocation of model
proteins not supported by the positive-inside rule.
2. Materials and methods
2.1. Cell culture and siRNA transfection
HeLa cells were grown in Dulbecco's modiﬁed Eagle medium
(DMEM) supplemented with 10% fetal serum gold (PAA Laboratories).
Transfections were performed by electroporation. HeLa-cells were
trypsinized, washed and resuspended in medium (1.5 × 106 cells per
ml). Aliquots of 0.5 ml cell suspension were mixed with 50 μl of siRNA
to a ﬁnal concentration of 2 μM, placed in a 4-mm-gap electrode cuvette
(Bio-Rad) and electroporated with a Bio-Rad Gene Pulser II System at a
setting of 238 V and 950 μF capacitance. Electroporated cells were seed-
ed into three 6 cm-diameter tissue culture dishes. Three days later cells
were trypsinized, washed, and resuspended again to a concentration of
1.5 × 106 cells perml for a second transfection. After another three days
a third transfection was performed. At day 9 the living cells were
harvested, washed, counted and analyzed byWestern blotting. Unfold-
ed protein response (UPR) was induced by 5 μg/ml tunicamycin
(Sigma) for 4 h and 8 h.
2.2. siRNA sequences
Small interferingRNA (siRNA)was obtained fromMWGBiotech. The
siRNA sequences corresponded to the following base positions in the re-
spective coding regions. Sec61α1: 844–862; SRP54: 1088–1106;
TRAPα: 453–471; TRAMp: 928–946; TRAPβ: 122–140; Sec62: 507–
525. Sec63 knockdown was achieved via transfection of HeLa cells
with a human GIPZ lentiviral shRNAmir clone (Open Biosystems), and
the mature siRNA sequence corresponded to the base positions 124–
142 in the coding region of Sec63.
2.3. Preparation of protein lysates and Western blotting
Cells were extracted with radioimmunoprecipitation assay (RIPA)
buffer (50 mM Tris [pH8.0], 150 mM NaCl, 0.1% SDS, 1% NP-40, 0.5%
deoxycholic acid) including a protease inhibitor cocktail (10 μg/ml
leupeptin, 10 μg/ml aprotinin, 4 μg/ml chymostatin, 5 μg/ml pepstatin,
Sigma) and total protein extract was immunoblotted using afﬁnity-
puriﬁed rabbit polyclonal antibodies anti-TRAMp [15], anti-Sec61α [9],
anti-TRAPα, β, δ, [13], anti-Sec61β [11], anti-RAMP4 [16], anti-SRP54
[14], and mouse monoclonal anti-BiP (Transduction Laboratories) and
anti-actin (clone C4, Millipore, as a loading control). Signals were de-
tected by chemiluminescence (Westernlightning ChemiluminescenceReagent Plus, PerkinElmer LAS), visualized using the luminescent
image analyzer LAS-1000 CH and quantiﬁed via AIDA 3.52.
2.4. Analysis of ER stress
Cells were harvested and resuspended in RNAlater (Qiagen). After
RNA isolation (RNeasy, Qiagen) and reverse transcription (Transcriptor
First Strand cDNA Synthesis Kit, Roche), PCRwas performedwith XBP-1
speciﬁc primers (CTGGAACAGCAAGTGGTAGA and ACTGGGTCCTTCT
GGGTAGA) and analyzed by agarose gel electrophoresis. Cells treated
with 5 μg/ml tunicamycin for 4–8 h served as positive control.
2.5. DNA constructs
Translocation substrateswere based on the human asialoglycoprotein
receptor H1. Most of the constructs (H1, H1-2, H1-3, H1-4, ΔH1, ΔH1-2,
ΔH1-3, ΔH1-4, Leu22, ΔH1-Leu22) have been described previously
[22,23]. Additional modiﬁcations were introduced by quikchange site-
directed mutagenesis (Agilent Technologies).
2.6. In vivo expression and immunoprecipitation of H1 protein constructs
HeLa cells were transfectedwith siRNA as described above, grown in
6-well plates, and on day 8 transfectedwithDNAplasmids using Fugene
HD transfection reagent (Promega) following the manufacturer's in-
structions. After 48 h, the cells were labeled with [35S] methionine as
described previously [23]. Brieﬂy, cells were incubated with
methionine-free starvation medium for 30 min, labeled in the same
medium including 100 μCi/ml [35S] methionine for another 30 min,
washed twice with cold PBS and incubated in lysis buffer (1% Triton
X-100, 0.5% deoxycholate, 2 mM PMSF in PBS) for 1 h at 4 °C, scarped
and incubated for another 60 min on ice. After centrifugation (15 min,
10,000 ×g, 4 °C), protein concentration of the supernatant was deter-
mined and immunoprecipitation carried out with 70 μg of protein ex-
tract in lysis buffer including 1 mM PMSF, 0.5% SDS, 1 mg/ml BSA and
1 μl anti-H1C-antiserum (raised against residues 227–287 of H1) and
protein A Sepharose (GE Healthcare). Immunoprecipitated protein
was separated by SDS-polyacrylamide gel electrophoresis (NuPAGE
Novex Bis–Tris 4–12%, Invitrogen), analyzed by autoradiography and
quantiﬁed using AIDA 3.52. For deglycosylation, immune complexes
were incubated with PNGaseF (NEB) following the manufacturer's
instructions.
3. Results
3.1. A knockdown cell system to study the role of TRAPc and TRAMp on
protein topogenesis in vivo
To study the inﬂuence of TRAPc and TRAMp on the orientation of
membrane proteins, we ﬁrst analyzed the general effect of TRAMp
and TRAPc silencing on cell viability. As positive controls we included
knockdown of Sec61α1 and SRP54, proteins crucial for cotranslational
translocation. Sec61α1 is the predominant form besides the highly ho-
mologousminor form Sec61α2. HeLa cells were transfectedwith specif-
ic siRNA three times in intervals of three days, before live cells were
counted. Knockdown of TRAMp or theα subunit of TRAPc had no signif-
icant effect on cell viability and growth (Fig. 1A). In contrast, knock-
down of Sec61α1 reduced cell numbers to ~50%. Silencing of SRP54
even led to a reduced cell count of ~5% after only two rounds of siRNA
transfection.
Silencing efﬁciency was high in all cases, as shown in Fig. 1B and C.
The efﬁciency of TRAPα knockdownwasmonitored by immunoﬂuores-
cence microscopy and immunoblot analysis of transfected cells. While
only ~5% of treated cells showed detectable TRAPα levels in ﬂuores-
cence microscopy (not shown), titration in Western blots revealed
only 5–7% of the protein levels of control cells (Fig. 1B). Therefore the
Fig. 1. Effects of RNAi treatment on cell growth and efﬁciency of siRNA induced downregulation. A) Cell count of HeLa cell cultures after downregulation of components of the co-
translational translocation pathway. Cultures were transfected with indicated siRNAs or without (−) as described in Materials and methods (Section 2.1) and living cells were counted
at days indicated. Shown are the mean value and the standard deviation of at least three experiments for each siRNA. B) Quantiﬁcation of residual siRNA target protein after 9 days of
TRAPα and TRAMp downregulation respectively. Western blot: 40 μg of protein lysate derived from siRNA treated cells were compared to different amounts of protein lysate obtained
from control cells (−). C) HeLa cells were transfected with siRNA against Sec61α1, SRP54, TRAPα, TRAMp or without (−) and lysates of these cells (10–40 μg of total protein) were an-
alyzed by Western blotting using the antibodies indicated. D) HeLa cells were transfected twice (siSRP54) or thrice with siRNAs indicated. Total RNA was prepared, reverse transcripted
and XBP-1 was ampliﬁed using speciﬁc primers. Treatment with 5 μg/ml tunicamycin (4 h and 8 h) served as a positive control (full: full length, spl: spliced).
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Knockdown of TRAMp resulted in a similar reduction to ~9% residual
TRAMp in the silenced cells (Fig. 1B).
Immunoblot analysis of translocon components and associated pro-
teins in knockdown cells showed that only the expression of the
targeted proteins and known tight interaction partners were reduced
(Fig. 1C). For example, knockdown of Sec61α1 caused reduced levels
of Sec61β, and knockdown of TRAPα also caused reduction of TRAPβ
and TRAPδ. Furthermore, we observed no compensatory upregulation
of other components. Interestingly, there was no indication for a signif-
icant ER stress response (Fig. 1C), such as increased levels of the ER
chaperone BiP or of RAMP4, a proteinwhich is known to be upregulated
under ER stress [40]. Moreover, no splicing of X-box-binding protein 1
(XBP-1) mRNA, a marker of unfolded protein response (UPR, [41]),
could be detected upon downregulation of Sec61α1, TRAPc, TRAMp or
SRP54 (Fig. 1D).3.2. Silencing of TRAPα affects membrane protein topogenesis
The human asialoglycoprotein receptor H1 is a single-spanning type
II membrane protein with a cytosolic N-terminal domain of 40 amino
acids, an uncleaved signal-anchor of 20 residues, and a large C-
terminal domain of 231 amino acids including two glycosylation sites
in the ER lumen (Supplementary Table S1). The membrane orientation
of H1 reﬂects the positive-inside rule.Inversion of the charges ﬂanking the signal-anchor by mutation
resulted in a partial inversion of membrane orientation revealing a H1
membrane protein population with mixed orientations [22]. This effect
was facilitated by an additional truncation of the N-terminal domain.
Experimentally the membrane orientation of H1 can easily be derived
from the glycosylation pattern, since glycosylated and unglycosylated
forms correspond to Ncyt/Cexo and Nexo/Ccyt orientation, respectively
[22].
The amino acid sequences of all H1 mutants used here are listed in
Table 1. Reproducing the ﬁndings by Beltzer et al. [22], we found essen-
tially complete glycosylation and thus C-translocation of wild-type H1
in control cells (Fig. 2A, lane 1). Replacing two arginines in the N-
terminal ﬂanking region by aspartates (H1-2, lane 2) yielded a small
fraction of unglycosylated protein, whereas replacement of two gluta-
mates in the C-terminal ﬂanking region by lysines (H1-3, lane 3) had
no signiﬁcant effect. Only the combination of both modiﬁcations (H1-
4, lane 4) produced a clear effect with ~40% unglycosylated polypep-
tides corresponding to molecules with an Nexo/Ccyt orientation. For
some of the constructs (as noted previously [23,25]), also an intermedi-
ate band was observed corresponding to products with a single glycan,
due to partial modiﬁcation at one of the two glycosylation sites.
Knockdown of TRAPc had no signiﬁcant effect on the topologies of
wild-type H1 and H1-3, but enhanced the mutations' effects of H1-2
and very clearly of H1-4, where the glycosylated fraction was reduced
to less than 40% (Fig. 2A, lane 8). These effects are TRAPc-speciﬁc,
since silencing of TRAMp showed the same results as in control cells
Table 1
N-terminal and signal-anchor sequences of wild-type ASGP receptor H1 and mutant constructs.
Construct N-terminal and signal-anchor sequence
H1 MTKEYQDLQHLDNEESDHHQLRKGPPPPQPLLQRLCSGPRLLLLSLGLSLLLLVVVCVIGSQNSQLQEELRGLRE
H1-2 MTKEYQDLQHLDNEESDHHQLRKGPPPPQPLLQDLCSGPDLLLLSLGLSLLLLVVVCVIGSQNSQLQEELRGLRE
H1-3 MTKEYQDLQHLDNEESDHHQLRKGPPPPQPLLQRLCSGPRLLLLSLGLSLLLLVVVCVIGSQNSQLQKKLRGLRE
H1-4 MTKEYQDLQHLDNEESDHHQLRKGPPPPQPLLQDLCSGPDLLLLSLGLSLLLLVVVCVIGSQNSQLQKKLRGLRE
H1-4g MTKEYQDLQHLDNMTMEESDHHQLRKGPPPPQPLLQDLCSGPDLLLLSLGLSLLLLVVVCVIGSQNSQLQKKLRGLRE
ΔH1 MTKARLCSGPRLLLLSLGLSLLLLVVVCVIGSQNSQLQEELRGLRE
ΔH1-2 MTKADLCSGPDLLLLSLGLSLLLLVVVCVIGSQNSQLQEELRGLRE
ΔH1-3 MTKARLCSGPRLLLLSLGLSLLLLVVVCVIGSQNSQLQKKLRGLRE
ΔH1-4 MTKADLCSGPDLLLLSLGLSLLLLVVVCVIGSQNSQLQKKLRGLRE
ΔH1D2 MGPRLLLLSLGLSLLLLVVVCVIGSQNSQLQEELRGLRE
ΔH1-2D2 MGPDLLLLSLGLSLLLLVVVCVIGSQNSQLQEELRGLRE
ΔH1-3D2 MGPRLLLLSLGLSLLLLVVVCVIGSQNSQLQKKLRGLRE
ΔH1-4D2 MGPDLLLLSLGLSLLLLVVVCVIGSQNSQLQKKLRGLRE
H1-L22 MTKEYQDLQHLDNEESDHHQLRKGPPPPQPLLQRLCSPRLLLLLLLLLLLLLLLLLLLLLLGSQNSQLQEELRGLRE
ΔH1-L22 MGPRLLLLLLLLLLLLLLLLLLLLLLGSQNSQLQEELRGLRE
ΔH1-L22V1 MRLCSGPRLLLLLLLLLLLLLLLLLLLLLLGSQNSQLQEELRGLRE
ΔH1-L22V2 MTKARLCSGPRLLLLLLLLLLLLLLLLLLLLLLGSQNSQLQEELRGLRE
ΔH1-2-L22V2 MTKADLCSGPDLLLLLLLLLLLLLLLLLLLLLLGSQNSQLQEELRGLRE
ΔH1-3-L22V2 MTKARLCSGPRLLLLLLLLLLLLLLLLLLLLLLGSQNSQLQKKLRGLRE
ΔH1-4-L22V2 MTKADLCSGPDLLLLLLLLLLLLLLLLLLLLLLGSQNSQLQKKLRGLRE
The hydrophobic core of the signal-anchor sequences is underlined, and mutated charges are highlighted in bold face.
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the inﬂuence of TRAPc silencing on the topology of H1-4 (Fig. 2B).
Beltzer et al. [22] carried out several controls to conﬁrm that the
unglycosylated forms represent integral membrane proteins with
Nexo/Ccyt orientation.We repeated one of these controls with H1-4 con-
taining an additional glycosylation site in the N-domain (H1-4g,
Table 1). Insertion of this glycosylation site almost eliminated the
unglycosylated form and instead produced an additional product with
a single glycan (Fig. 2C), indicating, that its N-domain was translocated
into the ER lumen as part of transmembrane proteins with an Nexo/Ccyt
orientation. The result argues against the presence of signiﬁcant
amounts of nonintegrated products.
Analysis of another set of constructs with a truncated N-domain and
increased N-terminal net charge (ΔH1, ΔH1-2, ΔH1-3, ΔH1-4; Table 1
and Supplementary Table S2) again showed signiﬁcant fractions of
unglycosylated products for the constructs ΔH1-2 and ΔH1-4, in
which the net charge of N-terminal or both ﬂanking sequences were
inverted, respectively (Fig. 3A, lanes 2 and 4). Again TRAPc knockdownFig. 2. Effect of TRAPα silencing on the orientation of H1 protein in the ER membrane. A) HeLa
quently DNA transfected with H1 constructs as indicated and pulse-labeled with [35S] methion
phoresis and autoradiography. On the leftmolecular weight standards are indicated as well as th
2). Under each lane, the percentage of glycosylation is denoted. B) In four independent experim
silenced cells was analyzed. The mean values of four experiments with standard deviation are
labeled with [35S] methionine. H1 protein was immunoprecipitated, deglycosylated (+ PNGAse
and autoradiography. On the left molecular weight standards are indicated as well as the glycos
glycosylated: 2).clearly enhanced these effects, lowering C-translocation of ΔH1-2 from
81% to 50% and of ΔH1-4 from 64% to 28% (lanes 6 and 8). Once more
TRAMp silencing had no effect on the topologies (lanes 9–12).
We further constructed an additional set of model proteins with
even shorter N-domains of only 4 residues (ΔH1D2, ΔH1-2D2, ΔH1-
3D2,ΔH1-4D2; Fig. 3B). Again the topology of the constructwith charge
inversion on both sides of the signal-anchor, ΔH1-4D2, showed clearly
reduced Ncyt/Ccxo orientation upon TRAPc silencing, but not TRAMp
(lanes 4, 8, 12). Repeat experiments conﬁrmed the signiﬁcance of
TRAPc effect on the topology of ΔH1-4D2 (Fig. 3C).
To exclude an off target effect of the siRNA used to silence TRAPα, se-
lected experimentswere repeated using an siRNA against theβ subunit of
TRAPc. This treatment substantially lowered the levels of the α, β, and δ
subunits of TRAPc, but not other translocon components (Supplementary
Fig. S1A), and increased the fraction of unglycosylated forms of H1-4 and
ΔH1-4 (Supplemental Fig. S1B). In addition,we also tested the effect of si-
lencing two other translocon partners, Sec62 and Sec63. No effect on the
orientation of the model constructs was found (Supplementary Fig. S2).cells were transfected thrice with siRNA against TRAPα or TRAMp or without (−), subse-
ine. H1 protein was immunoprecipitated and analyzed by SDS-polyacrylamide gel electro-
e glycosylation state of theH1 protein on the right (unglycosylated: 0; twice glycosylated:
ents as described for A the ratio of glycosylated H1-4 protein in control, TRAPα or TRAMp
shown. C) HeLa cells were DNA transfected with H1-4 or H1-4g as indicated and pulse-
F) or mock treated (− PNGaseF) and analyzed by SDS-polyacrylamide gel electrophoresis
ylation state of the H1 protein on the right (unglycosylated: 0; once glycosylated: 1; twice
Fig. 3. Effect of TRAPα silencing on the orientation of H1 protein is not dependent on the length of the N-domain. A and B) HeLa cells were transfected thrice with siRNA against TRAPα or
TRAMporwithout (−), subsequentlyDNA transfectedwithH1 constructs as indicated andpulse-labeledwith [35S]methionine. H1 proteinwas immunoprecipitated andanalyzedby SDS-
polyacrylamide gel electrophoresis and autoradiography. On the left molecular weight standards are indicated as well as the glycosylation state of the H1 protein on the right
(unglycosylated: 0; twice glycosylated: 2). Under each lane, the percentage of glycosylation is denoted. C) In four independent experiments as described for A and B, the ratio of
glycosylated ΔH1-4D2 protein in control, TRAPα or TRAMp silenced cells was analyzed. The glycosylation after silencing is shown relative to control cells, because the absolute values be-
tween experiments were variable, but not the relative effects of the knockdowns in each experiment. Shown are the mean values of four experiments with standard deviation.
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Threemain features have beendescribed to inﬂuencemembrane an-
chor topology-charges, the length of the N-domain, and the hydropho-
bicity of the membrane anchor. The above results show that the
topology of signal-anchors with altered ﬂanking charges (particularly
within the N-terminal segment) is sensitive to the loss of TRAPc. To in-
vestigate the relation of TRAPc dependency and the hydrophobicity of
its anchor, we analyzed two sets of constructs. First, we used constructs,
in which the wild-type membrane anchor was replaced by a stretch ofFig. 4. TRAPc does not affect the topogenesis ofmembraneproteinswith stronghydropho-
bic signal anchors. A and B) HeLa cells were transfected thrice with siRNA as indicated or
without (−), subsequently DNA transfected with H1 constructs as indicated and pulse-
labeled with [35S] methionine. H1 protein was immunoprecipitated and analyzed by
SDS-polyacrylamide gel electrophoresis and autoradiography. On the left molecular
weight standards are indicated as well as the glycosylation state of the H1 protein on
the right (unglycosylated: 0; twice glycosylated: 2). For H1 protein mutants with mixed
orientations, the percentage of glycosylation is denoted under the lane.22 leucines and the N-terminus consisted of different lengths (H1-L22,
ΔH1-L22, ΔH1-L22V1, ΔH1-L22V2; Table 1). Second, based on ΔH1-
L22V2 we produced new constructs with different ﬂanking charges
(ΔH1-L22V2, ΔH1-2-L22V2, ΔH1-3-L22V2, ΔH1-4-L22V2; Table 1 and
Supplementary Table S2). Only constructΔH1-L22 and to a lower extent
ΔH1-3L22V2 showed signiﬁcant amounts of both orientations (Fig. 4A,
lane 4, and Fig. 4B, lane 4). In none of these L22 constructs did the deple-
tion of TRAPc or TRAMp change the orientation pattern signiﬁcantly
(Fig. 4, A and B). Constructs with very hydrophobic membrane anchors
do not seem to be inﬂuenced by TRAPc.
3.4. TRAPc has no inﬂuence on the hydrophobicity threshold of TMD
integration
It has been previously shown that microsomes lacking TRAPc do not
allow full translocation of the secretory form of PrP in vitro, but favored
membrane integration as NtmPrP and CtmPrP [39]. This raised the ques-
tion whether TRAPc increases the hydrophobicity threshold for integra-
tion into the ER membrane. To determine this threshold, mildly
hydrophobic segments (H-segments) were analyzed for membrane in-
tegration or translocation. H-segments consisting of a 19-residue oligo-
alanine host sequence, in which 1–7 residues were replaced by leucines
(as introduced by Hessa et al., [42]), were inserted into the C-terminal
sequence of the H1 protein (Fig. 5A and Supplementary Table S1). Gly-
cosylation sites in front and behind the H-segment allow to distinguish
integration of theH-segment (double glycosylation) from full transloca-
tion (fourfold glycosylation, Fig. 5B). In control HeLa cells, at least 4 leu-
cines were required to observe signiﬁcant integration and ~6.5 leucines
for 50% integration (Fig. 5C and D). This is surprisingly higher than the
value of 3–4 leucines for 50% integration into dog pancreasmicrosomes
in vitro and in BHK cells in vivowith identical H-segments, but a differ-
ent reporter protein [42]. Silencing of TRAPc or TRAMp did not signiﬁ-
cantly alter the integration (Fig. 5C and D). These results indicate that
neither TRAPc nor TRAMp contribute to deﬁning the hydrophobicity
threshold for integration into the lipid bilayer.
4. Discussion
Translocation into or across the ERmembrane is the ﬁrst sorting step
of most secretory or membrane proteins of the secretory pathway, the
Fig. 5. TRAPα silencing has no speciﬁc effect on the question of translocation or integration of a hydrophobic sequence (H-segment). A) The hydrophobic sequences from L1 to L7 are listed.
B) The graphic shows the twice glycosylatedH1proteinwithmembrane integratedH-segment (left) and the fourfold glycosylatedH1 proteinwith theH-segment translocated into the ER
lumen (right). C) HeLa cells were transfected thrice with siRNA as indicated orwithout (−), subsequently DNA transfectedwith H1-L1 to H1-L7 constructs as indicated and pulse-labeled
with [35S]methionine. H1proteinwas immunoprecipitated and analyzedbySDS-polyacrylamide gel electrophoresis and autoradiography. On the right the localization of theH-segment is
indicated (T: translocated; I: integrated). D) The rate of integration and translocation of H-segments shown in (C) was quantiﬁed. Shown is the ratio of H-segment integration [%] of the
proteINS H1-L1 to H1-L7 (1–7) in control, TRAPα silenced or TRAMp silenced cells.
3109N. Sommer et al. / Biochimica et Biophysica Acta 1833 (2013) 3104–3111plasma membrane, and the endo-lysosomal system. In mammalian
cells, most of these proteins use the SRP-dependent cotranslational
pathway via the Sec61 translocon. It is thus very likely that the central
components SRP54 and Sec61α are essential for cell growth and surviv-
al, like the corresponding homologs in E. coli, yeast and protists [43–48].
In agreementwith this notion,we found that the silencing of Sec61α1 or
SRP54 reduces cell proliferation. Similar results were obtained by Lang
et al. [19] upon Sec61α1 knockdown. Surprisingly, Ren et al. [49] and
Lakkaraju et al. [50] did not observe a reduced cell count after silencing
SRP54. To conﬁrm our observations, we also tested a second siRNA se-
quence against SRP54 and again obtained a strong reduction of cell
number after three rounds of transfection to ~9% compared to mock
treated controls (data not shown).
The mammalian translocon consists of the Sec61αβγ core complex
that forms the channel and a number of associated components, like
the SRP receptor, Sec62 and Sec63, TRAPc, TRAMp, signal peptidase,
and the oligosaccharyl transferase complex [51]. Composition of the
larger complex may differ depending on its functional state [52].
In vitro cotranslational protein translocation could be reconstituted
withminimalmachinery consisting of Sec61αβγ, SRP, and SRP receptor
[35]. TRAMp and TRAPc have been shown to be stimulatory for the efﬁ-
cient translocation of several secretory substrates in vitro [35,39] and
similar results have been reported recently for Sec63 [19]. Two mem-
brane proteins have furthermore been tested for their TRAMp depen-
dence in the reconstituted system: the vesicular stomatitis virus
G protein (a type I membrane protein) required TRAMp for transloca-
tion, whereas translocation of the ASGP receptor H1 (type II) was stim-
ulated by TRAMp [53]. In vivo, however, we could not observe any effect
of TRAMp silencing on translocation or topogenesis of wild-type or mu-
tant H1 constructs. This could be explained in several ways. First, in vivo
silencing is not complete and residual protein may still provide sufﬁ-
cient activity. Second, the depleted in vitro systemmay lack components
that compensate for missing factors.In contrast, silencing of TRAPc had a clear effect on a subset of H1
derivatives with mixed topologies. Integration and orientation of
wild-type H1 was independent of the presence or absence of
TRAPc, most likely because the topogenic determinants (ﬂanking
charges, N-domain, signal-anchor hydrophobicity) synergize to
strongly promote C-translocation. Inversion of ﬂanking charges suf-
ﬁcient to unsettle the balance and to produce mixed topologies,
however, revealed an effect of TRAPc favoring C-translocation, seem-
ingly moderating the ‘positive-inside’ rule. This effect of TRAPc is not
dependent on the length of the N-domain from 4 to 40 residues. In-
terestingly, H1 constructs that acquire mixed topologies because of
increased hydrophobicity of the signal-anchor did not respond to
TRAPc silencing.
Studies of a stepwise insertion of a C-terminal translocated mem-
brane protein identify a ﬁnal stage of topogenesis where the acquisition
of a stable Ncyt/Cexo topology is likely stabilized by an unidentiﬁed factor
[24]. Interestingly, TRAPc contains a prominent luminal domain oppo-
site the exit site of the Sec61 translocation channel [54–56] and all so
far identiﬁed cross-links betweennascent chains and TRAPα are located
at the luminal side of the translocon [57]. Therefore, a weak interaction
of the nascent chain with the luminal domain of TRAPc might contrib-
ute to stabilizing the Ncyt/Cexo orientation during topogenesis. The na-
scent chain may need to remain in an uncommitted state in the
translocon to be inﬂuenced by TRAPc. This might explain why con-
structs with unusually hydrophobic signal-anchors, which partition
quickly into the lipid bilayer [58], were not detectably affected by
TRAPc silencing.
5. Conclusions
TRAPc affects the topology ofmembrane proteinswith topogenic de-
terminants not consistently promoting one distinct orientation. The in-
volvement of TRAPc causes the preference for C-terminal translocation
3110 N. Sommer et al. / Biochimica et Biophysica Acta 1833 (2013) 3104–3111moderating the ‘positive-inside’ rule. Proteins with very hydrophobic
membrane anchors can not be affected by TRAPc maybe because of
their quick release from the translocation channel into the lipid bilayer.
We suggest the topology effect of TRAPc to be due to an interaction of
the ER luminal domain of TRAPc with the C-terminus of the nascent
chain at a ﬁnal stage of topogenesis.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2013.08.018.
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